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Roux‑en‑Y gastric bypass‑associated 
fecal tyramine promotes colon cancer risk 
via increased DNA damage, cell proliferation, 
and inflammation
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Abstract 

Background  Fecal abundances of Enterobacteriaceae and Enterococcaceae are elevated in patients following Roux-
en-Y gastric bypass (RYGB) surgery. Concurrently, fecal concentrations of tyramine, derived from gut bacterial metabo‑
lism of tyrosine and/or food, increased post-RYGB. Furthermore, emerging evidence suggests that RYGB is associated 
with increased colorectal cancer (CRC) risk. However, the causal link between RYGB-associated microbial metabolites 
and CRC risk remains unclear. Hence, this study investigated the tyrosine metabolism of Enterobacteriaceae and Ente-
rococcaceae strains isolated from patients post-RYGB and explored the causal effects of tyramine on the CRC risk 
and tumorigenesis using both human colonic cancer cell line (HCT 116) and wild-type and ApcMin/+ mice.

Results  We isolated 31 bacterial isolates belonging to Enterobacteriaceae and Enterococcaceae families from the feces 
of patients with RYGB surgery. By culturing the isolates in tyrosine-supplemented medium, we found that Citrobacter 
produced phenol as a main product of tyrosine, whereas Enterobacter and Klebsiella produced 4-hydroxyphenylace‑
tate, Escherichia produced 4-hydroxyphenyllactate and 4-hydroxyphenylpyruvate, and Enterococcus and two Klebsiella 
isolates produced tyramine. These observations suggested the gut bacterial contribution to increased fecal concen‑
trations of tyramine post-RYGB. We subsequently evaluated the impact of tyramine on CRC risk and development. 
Tyramine induced necrosis and promoted cell proliferation and DNA damage of HCT 116 cells. Daily oral admin‑
istration of tyramine for 49 days to wild-type mice resulted in visible adenomas in 5 out of 12 mice, accompanied 
by significantly enhanced DNA damage (γH2AX +) and an increased trend of cell proliferation (Ki67 +) in the ileum, 
along with an upregulated expression of the cell division cycle gene (Cdc34b) in the colon. To evaluate the impact 
of tyramine on intestinal tumor growth, we treated ApcMin/+ mice with the same doses of tyramine and duration. 
These mice showed larger colonic tumor size and increased intestinal cell proliferation and inflammation (e.g., 
increased mRNA expression of IL-17A and higher number of Ly6G + neutrophils) compared to water-treated ApcMin/+ 
control mice.

Conclusions  Our results collectively suggested that RYGB-associated fecal bacteria could contribute to tyramine 
production and tyramine increased CRC risk by increasing DNA damage, cell proliferation, and pro-inflammatory 
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Introduction
Bariatric surgery, including Sleeve Gastrectomy (SG) 
and Roux-en-Y gastric bypass (RYGB), is an effective 
surgical treatment for weight loss and improving body 
weight-associated conditions, such as hypertension, dia-
betes, arthritis, and apnea [1]. Bariatric surgery has been 
shown to reduce various cancer risks with the most posi-
tive impact on post-menopausal breast and endometrial 
cancer [2]. While the association between the surgery 
and colon cancer is inconclusive, emerging evidence 
from large population cohort studies has suggested an 
increased colon cancer risk [3–5]. This increased risk is 
further supported by observations that colorectal epithe-
lial cell proliferation and expression of tumorigenic mol-
ecules, e.g. Cyclooxygenase-1 (COX-1) and COX-2, were 
increased [6].

The gut microbiome, including both microbial compo-
sition and metabolism, has been found to be significantly 
altered post-RYGB surgery [7, 8]. Increased relative 
abundance of Enterobacteriaceae and Enterococcaceae 
families were found post-operation in both rodent mod-
els [9–11] and patients [8, 12–14]. Additionally, increased 
fecal excretion of tyramine, phenylacetate, and putrescine 
post-RYGB surgery suggested a shift from protein degra-
dation to protein fermentation [8, 9], which is associated 
with colorectal cancer (CRC) [15–17]. Furthermore, fecal 
abundances of Enterobacteriaceae and Enterococcaceae 
were elevated in patients with inflammatory bowel dis-
ease (IBD), which increases CRC risk [13, 18]. Fecal 
tyramine levels were found to be higher in patients with 
ulcerative colitis (UC) [19] and associated with Crohn’s 
Disease (CD) severity assessed by Montreal S score 
[20]. Moreover, tyramine was associated with intestinal 
adenoma and carcinoma using a microbiome metabolic 
modeling method [21]. These observations collectively 
led us to conclude that there may be a potential causal 
link between tyramine and increased CRC risk.

Tyramine is a metabolic by-product of aromatic amino 
acid tyrosine by the bacterial tyrosine decarboxylase [22, 
23], which is widely reported in Lactobacillus species [24] 
and Enterococcus faecalis (Enterococcaceae family) [25]. 
The latter has been shown to be associated with IBD and 
CRC [26]. However, tyramine production and tyrosine 
degradation have not been fully investigated in RYGB-
associated gut commensal bacterial species. In addi-
tion to the gut microbiota as a source, tyramine can be 

found in high concentrations in foods, such as processed 
meat, which is known to increase CRC risk [22]. A previ-
ous study reported that tyramine altered the expression 
profile of genes involved in DNA damage and repair in 
a colonic epithelial cell line [27]. However, the role of 
tyramine in modulating CRC risk and tumorigenesis has 
not been investigated. Given that IBD and bariatric sur-
gery are associated with increased CRC risk, there is a 
critical need to understand the consequences of elevated 
fecal tyramine to mitigate the long-term health risks.

In this study, we explored the metabolic activities of 
RYGB-associated gut microbiota with a focus on the 
tyrosine degradation activity in Enterobacteriaceae and 
Enterococcaceae isolates. We next investigated the func-
tion of tyramine in modulating CRC risk factors includ-
ing DNA damage, cell proliferation, and inflammation 
using both HCT 116, a human colonic epithelial cell line, 
and wild-type C57BL/6J mice. The effect of tyramine 
on tumor development was explored using a genetically 
altered ApcMin/+ mouse model.

Material and methods
Bacterial isolation
Feces were collected from two patients at 2  years post-
RYGB surgery from Hammersmith Hospital, London, 
UK (Ethics reference: 13/LO/1510). Patient fecal sam-
ples were mixed with 8% v/v sterile dimethyl sulfoxide 
(DMSO) as a cryoprotectant and stored at − 80  °C prior 
to bacterial isolation. A non-selective nutrient-rich yeast 
casitone fatty acid (YCFA) medium [28] and a MacCo-
nkey medium (Merck, Germany) prepared according to 
the manufacturer’s guidelines to select for Enterobac-
teriaceae were used to isolate 31 bacteria under aerobic 
conditions at 37 °C. Crystal violet (0.001 g/L) was added 
to the MacConkey medium as an additional inhibitor of 
gram-positive bacteria.

Bacterial DNA extraction, 16S rRNA gene‑based 
polymerase chain reaction (PCR), and random amplified 
polymorphic DNA analysis (RAPD)
Bacterial cell pellets were collected by centrifuging 
the culture for 10  min at 1400 × g and resuspended in 
600  µl of guanidine isothiocyanate, a protein denatur-
ant. The suspension was then mixed with 1 g of 0.1 mm 
high-impact zirconium beads (Benchmark scientific) 
and homogenized for 30  s using Maxwell® Research 
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Instrument for DNA extraction (Promega) with a Max-
well® 16 Tissue DNA Purification Kit (Promega). The 
extracted gDNA was quantified using a Quibit™ 3.0 Fluo-
rometer with Qubit™ dsDNA BR (Broad range) assay kit 
(Thermo fisher Scientific).

To obtain a preliminary identification of bacterial gen-
era, 16S rRNA gene-based Polymerase Chain Reaction 
(PCR) was carried out. 27F (5′-AGA GTT TGA TC(AC) 
TGG CTC AG-3′) and 1492R (5′-GGT TAC CTT GTT 
ACG ACT T-3′) are used to amplify complete 16S rRNA 
gene (~ 1500  bp). The volume of the PCR reaction was 
25 µl, containing 12.5 µl of DreamTaq (2X), 1 µl of prim-
ers (1:1, 10  pmol/µl), 9.5  µl of molecular grade dH2O, 
and 2 µl of DNA template. The PCR thermocycler setting 
consisted of 1  cycle of initial denaturation at 95  °C for 
2 min, 35 cycles of denaturation at 94 °C for 30 s, anneal-
ing at 52 °C for 30 s and extension at 72 °C for 90 s, and 
a cycle of final extension at 72  °C for 5 min. PCR prod-
ucts were cleaned using Monarch PCR & DNA cleanup 
kit (New England Biolabs) following the manufacturer’s 
instructions. The purified PCR products were sanger 
sequenced (Eurofins Genomics, Germany), and the data 
was compared with the Reference Sequence (RefSeq) 
database at the National Center for Biotechnology Infor-
mation (NCBI) using the basic local alignment search 
tool (BLAST). The top hit by nucleotide BLAST was used 
as a preliminary identification of genera.

Random amplified polymorphic DNA analysis (RAPD) 
was utilized as previously described [29] to genotype 
and differentiate the collection of bacterial isolates. The 
PCR reaction volume was 25  µl consisting of 12.5  µl of 
DreamTaq (2X), 4 µl of 10 µM primer 272 (5′-AGC​GGG​
CCAA-3′) [29], 6.5  µl of molecular grade dH2O, and 
2 µl of DNA template (~ 20 ng). The PCR thermocycler 
setting consisted of 1  cycle at 94  °C for 5  min, 4  cycles 
of 5 min at each temperature (36  °C, 72  °C, and 94  °C), 
30 cycles of 1 min at 94 °C, 1 min at 36 °C and 2 min at 
72  °C, followed by 10  min at 72  °C. The PCR products 
were visualized using a 4200 TapeStation System (Agilent 
Technologies Ltd., UK) with D1000 ScreenTape and rea-
gents, according to the manufacturer’s protocol. A visual 
assessment of banding profiles was carried out to differ-
entiate isolates, identify RAPD profile types, and identify 
duplicates within a group.

Bacterial culture with a tyrosine‑supplemented medium
Bacterial isolates were revived from storage at − 80  °C 
by culturing on fastidious anaerobe agar (FAA) plates 
aerobically at 37  °C for 24 h. Three single colonies from 
each bacterial isolate were inoculated into 3  mL tryptic 
soy broth (TSB) for 24-h incubation at 37  °C. Each iso-
late was then washed with phosphate-buffered saline 
(PBS) and seeded in a 96-well plate containing a defined 

medium base [30] supplemented with tyrosine or tyros-
ine and glucose. Glucose was used to investigate whether 
the utilization of tyrosine by bacterial isolates differs in 
the presence or absence of glucose as an additional car-
bon source. In the colonic environment, it is expected 
that multiple carbon sources are available for bacterial 
growth. In brief, for 500 mL of the defined medium base, 
3.5  g K2HPO4, 1.5  g KH2PO4, 0.5  g (NH4)2SO4, 0.05  g 
MgSO4∙7H2O, 0.05 g ferric citrate, 15 mg L-tryptophan, 
15  mg L-histidine, 15  mg L-isoleucine, 15  mg nicotina-
mide and 25  mL 1  M sodium fumarate were added to 
water. The tyrosine-supplemented medium consisted 
of 4  mL of 2.5  M L-tyrosine and 46  mL of the defined 
medium base and the tyrosine and glucose-supplemented 
medium contained 0.5  g/L glucose. A total of 200  µl of 
the medium was transferred into each well of a 96-well 
plate before adding 50 µl of PBS containing the washed 
bacterial isolates. For the aerobic condition, plates were 
sealed with gas-permeable sealing films (Sigma-Aldrich) 
and incubated at 37 °C in an aerobic shaker at 80 rpm for 
24  h to ensure good aeration. For the anaerobic condi-
tion, plates were sealed with polymerase chain reaction 
(PCR) plate sealing films (Fisher Scientific) and incubated 
in an anaerobic chamber at 37 °C, 70% humidity for 24 h 
for statical incubation. Negative controls were the wells 
containing the medium in the absence of bacteria and 
subjected to each culture condition. Each bacterial isolate 
was cultured in 3 wells per culture condition.

1H nuclear magnetic resonance (NMR) spectroscopic 
analysis of the bacterial culture medium
1H NMR spectroscopy was used to detect the bacterial 
metabolites of tyrosine and glucose. Triplicates of each 
isolate were combined and centrifuged at 20,000 × g at 
4  °C for 10  min, and 540  μl of supernatant was mixed 
with 60  μl of 1.5  M phosphate buffer (pH = 7.4) con-
taining 2  mM sodium azide (NaN3) and 5.8  mM 
3-(trimethylsilyl)-[2,2,3,3-2H4]propionic acid sodium 
salt (TSP) [31]. The resulting mixture was vortexed and 
centrifuged at 20,000 × g at 4  °C for another 10  min. A 
total of 575 μl supernatant was transferred into an NMR 
tube with an outer diameter of 5 mm for 1H NMR spec-
tra acquisition using a Bruker 600  MHz spectrometer 
(Bruker Corporation, Rheinstetten, Germany) at a pro-
ton frequency of 600.13 MHZ at 300 K. Standard NMR 
pulse sequence (recycle delay [RD]−90°-t1−90°-tm−90°-
acquisition) with mixing time (tm) of 100 ms were set to 
acquire 1-dimensional 1H NMR spectral data. 90° pulse 
length was set to about 10 μs, and RD of 4  s was set to 
achieve water suppression [31]. A total of 16 scans were 
collected into 64 K data points with a spectral width of 
20 ppm.
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The spectra were automatically phased, baseline-
corrected, and calibrated to the TSP singlet at δ 1H 0 in 
Topspin software (Bruker) and imported into MATLAB 
(R2018a). Metabolite identification was carried out using 
statistical total correlation spectroscopy [32] (STOCSY), 
human metabolome database [33], Chenomx NMR suite 
(Version 10.1), and an internal database of standard com-
pounds. The relative concentrations of each metabolite 
were represented by the areas under the selected peak of 
a given metabolite (Table S1) and calculated using MAT-
LAB (R2018a). Ratios of relative concentrations of metab-
olites in bacterial media to the negative control medium 
without bacteria were calculated as fold changes.

HCT 116 cell culture and treatment
The HCT 116 cell line, a human colorectal adenocarci-
noma adherent cell line, was obtained from the Ameri-
can Type Culture Collection (ATCC, RRID: CVCL_0291, 
LGC Prochem). Cells were routinely cultured in RPMI 
1640 medium (Gibco) supplemented with 10% fetal 
bovine serum (FBS), 100 units/mL penicillin, 100  μg/
mL streptomycin, and 2  mmol/L L-glutamine (Gibco). 
The cells were passaged every 2–3 days and passages 3–7 
were used in the current study.

Cells were maintained in a culture medium supple-
mented with 5% dextran-coated charcoal-stripped FBS 
for 72 h to remove hormones and growth factors before 
any treatment. The cells were seeded and treated with 
various concentrations of tyramine dissolved in buffered 
water (0.2 mM to 6.4 mM, pH = 7.01) for 24, 48, or 72 h. 
Specifically, 20,000 cells per well were used for cell via-
bility, 40,000 for genotoxicity, and 100,000 cells for flow 
cytometry assays.

Cytotoxicity assay
To assess cell viability, the alamarBlue ready-to-use rea-
gent (Invitrogen) was added at a volume of 1:10 in cell 
culture media. The alamarBlue cell viability reagent uti-
lizes the mitochondrial metabolic reducing power of cells 
to convert resazurin, the active ingredient of alamarBlue, 
to resorufin thus assessing cell viability. Fluorescence was 
read using a Fluostar plate reader (BMG Labtech, Orten-
berg, Germany) at excitation 560  nm/emission 590  nm. 
Etoposide at a final concentration of 125 nM was used as 
a positive control.

Micronucleus (MN) assay
After 48 h of treatment, cells were harvested and resus-
pended in 500 µL 2% v/v pluronic acid. Eighty microliters 
of cell suspension were loaded in a cytospin for 5 min at 
600 rpm to attach the cells on a glass slide. Slides were air 
dried and fixed in 100% methanol for 10 min. They were 
washed in PBS, and stained with acridine orange (0.1 mg/

mL) for 60 s followed by two washes in PBS as previously 
described [34]. They were left to air dry in the dark, and 
MN scoring was performed blind in 2000 cells per sam-
ple and three biological replicates per treatment.

Cell staining for apoptosis and necrosis using flow 
cytometry
Cells were harvested after treatment with 1 ml Cell Dis-
sociation Buffer (Gibco), washed twice with Cell Staining 
Buffer (Biolegend), and resuspended in 100  µl Annexin 
V Binding Buffer (Biolegend). PE Annexin V (Biolegend) 
was added, and cells were incubated for 15 min at room 
temperature in the dark. After Helix NP Blue (5  nM) 
(Biolegend) was added, cells were acquired in a BD LSR 
Fortessa flow cytometer and analyzed with FlowJo ver-
sion 10.7.1 or above (RRID:SCR_008520, BD).

Cell staining for cell cycle analysis using flow cytometry
Cells were detached using the Cell Dissociation Buffer 
(Gibco), washed with PBS, and fixed with chilled 70% 
v/v ethanol at − 20 °C for 1 h. The fixed cells were subse-
quently washed with PBS and Cell Staining Buffer (Bio-
legend). FxCycle Violet stain (1000  ng/ml) (Invitrogen) 
was added followed by a 30-min incubation at 4 °C before 
analysis using a BD LSR Fortessa flow cytometer. Analy-
sis was performed in FlowJo version 10.7.1 or above (BD).

Cell staining for proliferation and DNA damage analysis 
using flow cytometry
Cells were treated with the Cell Dissociation Buffer 
(Gibco), washed with PBS, and incubated with the 
Human BD Fc Block (BD) and the LIVE/DEAD Fixable 
Far Red Dead Cell Stain Kit (Invitrogen) for 20  min at 
4  °C. They were subsequently washed with 0.5% PBS-
BSA, and fixed and permeabilized using the Foxp3/
Transcription Factor Staining Buffer Set (eBioscience) to 
stain for intracellular epitopes including Ki-67 eFluor 450 
(1.33 μg/ml, clone SolA15, eBioscience) and Alexa Fluor 
488 Mouse anti-H2AX (pS139) (dilution 1:400, clone 
N1-431, RRID: AB_1645352, BD). The relevant fluores-
cence-minus-one, single-stained, and unstained cell sus-
pensions were used as controls. Samples were acquired 
in a BD LSRFortessa flow cytometer and analyzed with 
FlowJo version 10.7.1 or above (BD).

Animal model and experiment design
C57BL/6J-ApcMin/J mice (ApcMin/+), a model of multiple 
intestinal adenomas [35, 36] (RRID:IMSR_JAX:002020) 
and wild-type (WT) littermates C57BL/6J (RRID:IMSR_
JAX:000664) were purchased from the Jackson Labo-
ratory (Bar Harbor, ME USA). The ApcMin/+ strain was 
maintained by breeding heterozygous ApcMin/+ males to 
WT females. Animals were genotyped using the primers 
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Apc-wild-type 5′-GCC ATC CCT TCA CGT TAG-3′, 
Apc-common antisense 5′- TTC CAC TTT GGC ATA 
AGG C-3′ and Apc-mutant 5′-TTC TGA GAA AGA 
CAG AAG TTA-3′ as previously described [37]. Ani-
mals were kept under specific, pathogen-free conditions 
at the Central Biomedical Services (CBS) facility at Impe-
rial College London in a 12-h light/dark circle. The health 
status of the animals was routinely monitored through-
out the study. All experimental procedures in mice were 
performed in accordance with the ethical regulation for 
animal use in research issued by the UK Home Office 
under the Animals (Scientific Procedures) Act 1986. 
The study received ethical approval (Project License: 
9718F9C8) from the UK Home Office, and the CBS facil-
ity at Imperial College also approved all the study proto-
cols performed.

ApcMin/+ and WT mice at 6  weeks of age were orally 
gavaged daily with 200  µl of sterile-filtered 3.2  mM 
tyramine (Sigma-Aldrich) solution at pH = 7.01 or water 
for 7 weeks. We culminated the experiment at 13 weeks 
of age of mice, which represents an early stage of dis-
ease based on the previous survival analysis in ApcMin/+ 
mice that showed a drop in survival after 18–20  weeks 
of age [38]. Food consumption, water intake, and body 
weight were monitored weekly throughout the study. 
Animals were blind scored for the development of mac-
roscopic signs of disease appearance (Supplementary 
Table S2). Prior to the commencing of the study, and at 
4 and 7 weeks into the study, mice were put in metabolic 
cages overnight with ad libitum access to food and water 
for the collection of urine and feces. Animals were singly 
housed to avoid cage-effects on microbial composition 
and metabolism throughout the study.

Mouse tissue and biofluid sample collection
Tissue samples were collected at the end of the study. 
After the gut length measurement, the small intestine 
was divided into three parts representing duodenum, 
jejunum, and ileum. Following the removal of the cae-
cum, the colon was isolated. Luminal contents were col-
lected from each part and were snap-frozen in liquid 
nitrogen. Gut tissue segments were opened longitudinally 
and washed with sterile PBS. Tumors were counted and 
tumor size was recorded. Gut tissue samples were col-
lected for RNA analysis, and immunohistochemistry, and 
were also snap-frozen for future studies. The liver and 
spleen were also collected and weighed. Blood was col-
lected into Microvette EDTA 200 K3E tubes (Sarsted) for 
hematocrit measurement using a hematology XN-L ana-
lyzer (Sysmex). Biofluid samples were stored in a − 80 °C 
freezer pending analysis. Researchers were blinded dur-
ing tissue harvesting regarding the treatment regime of 
the animals.

Immunohistochemistry
Immunohistochemistry analysis of the tissue sections 
was carried out by the Histopathology Lab at the Barts 
Cancer Institute. Paraffin-embedded sections were 
stained for the presence of TNF-a (ThermoFisher Sci-
entific), β-catenin (clone CAT-5H10) (ThermoFisher 
Scientific), Ki-67 (clone SolA15) (eBioscience), phospho-
Histone H2A.X (clone 20E3) (Cell Signaling Technol-
ogy), and Ly6G (clone RB6-8C5) (eBioscience). Staining 
with relevant isotype controls was performed to confirm 
there was no non-specific binding. Images of the sections 
were obtained using a NanoZoomer S210 slide scan-
ner (Hamamatsu) and visualized using NDP.view2 soft-
ware (Hamamatsu). Image analysis was performed using 
ImageJ (RRID:SCR_003070, http://​rsb.​info.​nih.​gov/​ij). All 
slides were blinded prior to analysis and three sections 
per slide were used.

RNA extraction
HCT 116 cells (~ 100,000 cells) were seeded and treated 
with 1.2  mM or 1.6  mM tyramine or left untreated for 
24 h. Lysis buffer (Qiagen) was directly added to the cells 
and RNA was extracted using the RNeasy Mini Kit (Qia-
gen). Tissue from animals was stabilized in RNAprotect 
Tissue Reagent (Qiagen) and RNA was purified using the 
miRNeasy Micro Kit (Qiagen). RNA was treated with 
RNAse-Free DNase Set (Qiagen) followed by RNA clean-
up in both procedures. The total RNA concentration, the 
RNA Integrity Number (RIN), and the 28S/18S ratio were 
measured using an Agilent 2100 Bioanalyzer (Agilent).

RNA sequencing
RNA sequencing analysis was performed by Impe-
rial BRC Genomics Facility (Imperial College Lon-
don). Library was prepared using total RNA for cells 
and polyA mRNA for tissue samples. High-through-
put sequencing was run in a HiSeq 4000 (Illumina) to 
obtain 75 bp sequencing paired-end reads. Sequenc-
ing data were mapped against a reference transcrip-
tome with STAR alignment, followed by quantification 
using RSEM as detailed in alternate protocol 7 of the 
STAR (RRID:SCR_004463) software package [39]. Gene 
counts were generated using featureCounts [40] and 
subsequent analysis was performed using DESeq2 
(RRID:SCR_000154) pipeline [41] following the RNA-Seq 
workflow [42]. The DESeqDataSet object in cell RNA-
seq data was built using the design formula ~ Tyramine_
treatment (i.e., untreated, 1.2  mM tyramine, or 1.6  mM 
tyramine) to determine the effect of tyramine treatment. 
For the mouse gut tissue RNA-seq data, genotype (Apc-
Min/+ or WT) and treatment (tyramine or water) catego-
ries were combined in a new group, as we focused on the 
effect of tyramine treatment in ApcMin/+ and WT groups, 

http://rsb.info.nih.gov/ij
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separately. The new group contained the following lev-
els tyramine-treated ApcMin/+, water-treated ApcMin/+, 
tyramine-treated WT, and water-treated WT. The design 
formula used was as follows ~ Gender + Parental + group. 
Pre-filtering encompassed removing rows with less than 
10 counts across all samples. We considered a gene to 
be differentially expressed if the false discovery rate 
(FDR) < 0.05, and the absolute log2 fold change (LFC) > 1. 
Gene ontology (GO) analysis was performed using goseq 
package, as it takes into account gene length bias [43]. 
Gene Set Enrichment Analysis (GSEA) was applied to 
identify gene sets correlated with the phenotypic class of 
interest based on a ranked gene list [44]. Gage package 
for gene set or pathway analysis was also used [45]. FDR 
correction has been applied to GO terms and gene sets 
identified by GSEA and Gage package. Ingenuity Pathway 
analysis (IPA, RRID:SCR_008653, Qiagen) was applied 
for pathway analysis. Graphs were plotted using the R 
ggplot (RRID:SCR_014601) package [46].

Statistical analysis
Statistical analysis was performed using Prism software 
(GraphPad, RRID:SCR_002798) and R (version 4.2.1). 
Data were assessed for normal distribution using the 
Kolmogorov–Smirnov normality test and the relevant 
statistic test was applied. No samples or animals were 
excluded from the analyses. Normally distributed data 
were analyzed by one-way ANOVA with Dunnett’s or 
Tukey’s multiple comparisons test or unpaired t-test 
test as appropriate to the number of comparisons being 
made. Data that did not exhibit a normal distribution 
were analyzed using the nonparametric Kruskal–Wallis 
test with Dunn’s multiple comparisons test or Mann–
Whitney test as appropriate to the number of com-
parisons being made. FDR correction was applied for 
multiple Mann–Whitney test comparisons. For grouped 
data, a two-way ANOVA or mixed effects model followed 
by Tukey’s multiple comparisons test was used. Correla-
tion analysis was performed using the Spearman correla-
tion coefficient. Contingency table analysis using Fisher’s 
exact was applied. P < 0.05 was considered as statistically 
significant.

Results
Tyrosine degradation varied in the fecal bacterial isolates 
from patients with RYGB
Our previous study showed that bacterial tyrosine 
metabolism was significantly altered in patients follow-
ing RYGB surgery [8] and the fecal tyrosine degrada-
tion pathway was upregulated in patients with CRC [17]. 
These observations have led us to further investigate if 
these RYGB-associated bacterial species from Entero-
bacteriaceae and Enterococcaceae families metabolize 

tyrosine. A total of 31 bacterial isolates were obtained 
from the fecal samples of two patients post-RYGB and 
genotyped using 16S rRNA gene-based PCR and RAPD 
analysis. The RAPD types, namely, Citrobacter A and B, 
Enterobac A, B and C, Enteroc A, B, C, D and E, Esch 
A, B, C, D and E, and Kleb A, B and C, were identified 
(Table 1).

We subsequently evaluated the tyrosine degradation 
capabilities of these bacterial isolates under anaerobic 
conditions using a simple medium base supplemented 
with tyrosine or tyrosine and glucose. Metabolites 
were detected and their relative concentrations were 
quantitated using 1H NMR spectroscopy. While all 
isolates, except for Enteroc D (no. 15), consumed 

Table 1  Bacterial genus and random amplified polymorphic 
DNA (RAPD) types of 31 isolates from the fecal samples of 
patients 2 years post-RYGB surgery

No Genus RAPD type

1 Citrobacter Citro A

2 Citrobacter Citro B

3 Enterobacter Enterobac A

4 Enterobacter Enterobac A

5 Enterobacter Enterobac B

6 Enterobacter Enterobac B

7 Enterobacter Enterobac C

8 Enterobacter Enterobac C

9 Enterococcus Enteroc A

10 Enterococcus Enteroc A

11 Enterococcus Enteroc B

12 Enterococcus Enteroc B

13 Enterococcus Enteroc C

14 Enterococcus Enteroc C

15 Enterococcus Enteroc D

16 Enterococcus Enteroc E

17 Escherichia Esch A

18 Escherichia Esch A

19 Escherichia Esch B

20 Escherichia Esch B

21 Escherichia Esch C

22 Escherichia Esch C

23 Escherichia Esch D

24 Escherichia Esch D

25 Escherichia Esch E

26 Escherichia Esch E

27 Klebsiella Kleb A

28 Klebsiella Kleb A

29 Klebsiella Kleb B

30 Klebsiella Kleb C

31 Klebsiella Kleb C
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tyrosine, Citrobacter produced phenol as a main prod-
uct of tyrosine, whereas Enterobacter and Klebsiella pro-
duced 4-hydroxyphenylacetate, Escherichia produced 
4-hydroxyphenyllactate and 4-hydroxyphenylpyruvate, 
and Enterococcus and two Klebsiella isolates produced 
tyramine (Fig.  1 top panel and Fig.  S1 representative 
NMR spectra). These observations suggested that Ente-
rococcus and some Klebsiella isolates could partially 
contribute to the elevated fecal tyramine levels observed 
previously in patients post-RYGB [8]. Furthermore, we 
observed that Enterococcus utilized less fumarate com-
pared to Enterobacteriaceae bacteria (Fig.  1 bottom 
panel). Enterococcus was a strong lactate producer when 
cultured in the glucose-supplemented medium; Entero-
bacteriaceae bacteria produced higher concentrations of 
succinate and malate. The metabolic activities of these 
isolates under aerobic conditions are described in the 
Supplementary information (Fig. S2).

Tyramine‑induced cell death and DNA damage in HCT 116 
cells
We previously showed that RYGB surgery-associated 
Enterobacteriaceae family did not colonize in the gut 
of non-operated rats following RYGB fecal microbiota 
transplantation, nor induce any metabolic changes in 
fecal and urinary metabolome [47]. Furthermore, our 
pilot experiment showed that the tyramine-producing 
Klebsiella isolates did not colonize the gut of the wild-
type and ApcMin/+ mice. Hence, we directly explored the 
impact of RYGB surgery-associated fecal metabolites on 
colonic health, focusing on tyramine as fecal tyramine 
has been shown to be associated with both RYGB surgery 
and IBD [8, 19, 20].

To examine the cytotoxic effects of tyramine, HCT 116 
cells were treated with 0, 0.4, 0.8, 1.2, 1.6, 3.2, or 6.4 mM 
of tyramine for 24, 48, or 72 h. We observed that tyramine 
was cytotoxic at a concentration of 0.8 mM at 24 h, and at 
a concentration of 1.6 mM or higher the cytotoxic effect 
was persistent up to 72 h (Fig. 2a). A drop in cell viabil-
ity at 1.2 mM at 48 and 72 h was noted without reaching 
statistical significance. Cells treated with low concentra-
tions (0.05, 0.15, and 0.2 mM) of tyramine displayed no 
cytotoxicity (Fig.  S3). We further evaluated if tyramine-
induced cytotoxicity was contributed by cell apoptosis 
and/or necrosis by staining live cells with Annexin V and 
Helix NP Blue dye (Fig. S4a). The frequency of necrotic 
cells increased in response to tyramine treatment in a 
dose-dependent manner (Fig. 2b). A significant decrease 
in apoptotic cell numbers compared to untreated cells 
was observed at the treatment concentrations of 3.2 and 
6.4 mM (Fig. 2b). In addition, the nuclei without plasma 
membrane significantly increased with tyramine treat-
ment at a concentration of 1.2 mM or above compared to 
the untreated control (Fig. S4b).

Increased cell proliferation and DNA instability are 
known risk factors for tumorigenesis [48]. We, there-
fore, investigated whether tyramine affects cell prolif-
eration and induces DNA damage. The percentage of 
Ki67 positive cells was significantly higher 24 h after the 
addition of tyramine at 1.2 mM (P = 0.0131) and 1.6 mM 
(P = 0.0323) concentrations compared to the untreated 
controls (Fig. 2c; Fig. S4c). At these treatment concentra-
tions, a significantly higher frequency of phosphorylated 
histone H2AX cells, forming γH2AX, was observed in 
comparison to untreated controls (P = 0.001 for 1.2 mM 
tyramine and P < 0.0001 for 1.6 mM tyramine) (Fig. 2d). 
This observation indicates a cellular response to the 

Fig. 1  Metabolite production and utilization of bacterial isolates cultured anaerobically using a simple base medium supplemented with tyrosine 
(left panel) or tyrosine and glucose (right panel). Fold changes of relative concentrations of metabolites in bacterial media to the control medium 
without bacteria were calculated. Negative values of log2 (fold change) or log10 (fold change) represent substrate utilization (e.g., glucose, 
fumarate, and tyrosine), whereas positive values represent metabolite production (e.g., tyramine, succinate). Bacterial information can be found 
in Table 1
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induction of DNA double-strand breaks [49]. Addition-
ally, we assessed tyramine-induced DNA damage using 
the MN assay. MN are small extra-nuclear bodies that 
contain acentric chromosome fragments and/or whole 
chromosomes. They occur as a consequence of exten-
sive DNA damage, such as double-strand breaks and/
or deficiencies in chromosome segregation during ana-
phase [50]. Concentrations of tyramine at 1.2  mM and 
1.6 mM induced the formation of MN (Fig. 2e, f ), indi-
cating increased DNA damage and chromosomal aberra-
tions. We further showed that unlike the positive control 
etoposide that targets directly topoisomerase II generat-
ing DNA strand breaks [51], tyramine at 1.6 mM did not 
induce a significant genotoxic effect within 6 h of treat-
ment (Fig. S4d).

In addition to increased cell proliferation and DNA 
damage, tyramine at 1.2  mM and 1.6  mM induced cell 
cycle arrest at the G2/M phase (Fig. 2g) and an elevated 
number of binucleated cells (Fig.  2h). A significantly 
higher frequency of γH2AX positive cells following 
tyramine treatment was found in G2 phase (P = 0.0338), 
suggesting the activation of DNA repair mechanisms at 
this phage (Fig. 2i). Metabolic profiles of cell media from 
tyramine-treated cells (0.8, 1.2, and 1.6 mM) showed sep-
arated clusters in the scores plot of principal component 
analysis (PCA) and concentrations of lactate, a byprod-
uct of glucose metabolism, reduced as the tyramine 
treatment concentrations increased, suggesting that 

tyramine-induced cell cycle arrest affects cellular metab-
olism (Fig. S5).

Overall, we showed that tyramine treatment resulted in 
cell necrosis, and promoted cell proliferation and DNA 
damage, with an enhanced DNA repair at the G2 phase 
of the cell cycle. These effects are expected to compro-
mise genomic stability and increase the risk of colonic 
tumorigenesis.

Tyramine affected DNA organization and oxidative 
respiration pathways in HCT 116 cells
To investigate the mechanism of action of tyramine, we 
performed deep RNA sequencing on untreated con-
trol cells and cells treated with 1.2  mM or 1.6  mM of 
tyramine for 24 h, which induced significant cytotoxicity 
and genotoxicity in HCT 116 cells. The PCA scores plot 
of the gene expression profiles displayed a clear separa-
tion between control and tyramine-treated cells (Fig. 3a). 
The two tyramine doses induced a similar pattern of 
cellular responses to a lesser extent from the low dose 
group. A total of 524 and 241 differentially expressed 
genes in 1.6  mM and 1.2  mM tyramine-treated cells 
versus untreated controls were found (Fig.  3b and Fig. 
S6a). Heatmaps displayed differentially expressed gene 
sets between tyramine and control groups (Fig.  3c and 
Fig.  S6b). Among the most significantly altered genes 
were histones (e.g., H1-6, H2AC4, H2BC6, H2BU1, 
H3C13), which were downregulated, whereas genes 

(See figure on next page.)
Fig. 2  Tyramine reduced cell viability mainly due to necrosis and increased the number of micronucleated and binucleated cells. A range 
of concentrations of tyramine was added in human colorectal cancer HCT 116 cells over a series of time points. Untreated cells and etoposide 
served as negative and positive control respectively for cytotoxicity and genotoxicity. a Fold change of cell viability measured as fluorescence 
intensity of alamarBlue reagent added to HCT 116 cells treated with various concentrations of tyramine for 24, 48, and 72 h (n = 6–9 per group) 
over untreated control cells. One-Way ANOVA with Dunnett’s multiple comparisons test was applied for 24 h. Kruskal–Wallis test with Dunn’s 
multiple comparisons test for 48 and 72 h. Results were pooled from 3 independent experiments per time point. b Fold change of apoptotic 
and necrotic cells acquired with flow cytometry using Annexin V and Helix NP Blue DNA dye after 24 h of treatment with tyramine relative 
to untreated control. Data from two independent experiments were pooled (n = 6 per group). Kruskal–Wallis test with Dunn’s multiple comparisons 
test. c Percentage of Ki67-positive cells after treatment with varying concentrations of tyramine for 24 h. Data from two independent experiments 
were combined (n = 8 per group). Kruskal–Wallis test with Dunn’s multiple comparisons test. d Percentage of phosphorylated H2AX (γH2AX) 
positive cells treated with tyramine for 24 h. Data from two independent experiments were combined (n = 8 per group). Kruskal–Wallis test 
with Dunn’s multiple comparisons test. e Number of micronuclei (MN) per 2000 cells after 48 h treatment. Slides were scored blindly. Kruskal–Wallis 
test with Dunn’s multiple comparisons test. f Representative fluorescence microscopy images from MN genotoxicity assay in untreated cells, 
and cells treated with tyramine 1.6 mM and etoposide. Arrowheads show the presence of MN. Scale bar 10 µm. g Frequency of cells at different 
stages of the cell cycle, namely G1, S, and G2/M after 24 h treatment. Kruskal–Wallis test with Dunn’s multiple comparisons test. N = 6 per group 
apart from the etoposide group (n = 3). h Count of cells with binuclei (BN) per 2000 cells and an image of BN in 1.6 mM tyramine on the right. Scale 
bar 10 µm. Kruskal–Wallis test with Dunn’s multiple comparisons test. For e and h data from three independent experiments were pooled (n = 6 
for untreated, 1.2 mM tyramine, 1.6 mM tyramine and etoposide, n = 3 for 0.05 mM, 0.15 mM, 0.2 mM, 0.4 mM, and 0.8 mM tyramine). Arrowheads 
show the presence of MN and asterisks of BN cells. Three slides were scored per treatment. i Fold change of γH2AX positive cells at different stages 
of the cell cycle after 24 h treatment with 1.6 mM tyramine over untreated cells. X-axis indicated cell cycle stages: circle, G1 phase; triangle, S phase; 
rectangular, G2 phase. Data representative from two independent experiments with 3 technical replicates per experiment. X-axis indicated cell 
treatment groups in a–e, g, and h, and the color coding used throughout these graphs is: white, untreated; black, 0.4 mM tyramine; grey, 0.8 mM 
tyramine; petrol, 1.2 mM tyramine; dark blue, 1.6 mM tyramine; green, 3.2 mM tyramine; orange, 6.4 mM tyramine; purple, etoposide. Kruskal–Wallis 
test with Dunn’s multiple comparisons test in a–e and g–i. One-Way ANOVA with Dunnett’s multiple comparisons test was applied for a 24 h. Data 
is shown as means ± SD for all graphs. *P < 0.05; **P < 0.01, ***P < 0.001; ****P < 0.0001
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involved in oxidation/reduction reactions and oxida-
tive stress responses (e.g., AKR1B10, CYP4F3, CYP4F11, 
OSGIN1) were upregulated in both tyramine-treated 
groups (Fig. 3c). Short-chain dehydrogenase/reductase 3 
(DHRS3) was significantly down-regulated in tyramine-
treated groups. Reduced expression of DHRS3 has 
been previously shown in gastric cancer, and its ectopic 
expression was found to inhibit cell proliferation and 
migration [52]. Expression of genes involved in glucose 
metabolism such as HKDC1 [53] and amino acid metab-
olism such as SLC7A1 [54], were elevated, suggesting an 
impact of tyramine on cell energy metabolism.

Pathway analysis of gene ontology (GO) terms refer-
ring to biological processes revealed that chromatin 
organization and assembly networks were significantly 
reduced in the 1.6  mM tyramine-treated group with an 
impact on the regulation of transcription and epigenetic 

control of gene expression (Fig.  3d). Chromosomal 
instability is one of the major routes that leads to CRC 
and is characterized by structural chromosomal abnor-
malities, aneuploidy, loss of heterozygosity, and chromo-
somal rearrangements [55]. Therefore, our observation 
of compromised chromatin assembly and elevated MN 
frequency strongly indicates signs of chromosomal insta-
bility in the presence of tyramine. Furthermore, oxida-
tion and reduction reactions involving NADP/NAD were 
markedly reduced, suggesting the involvement of mito-
chondria function (Fig. 3e and Fig. S6c). Additionally, IPA 
analysis consistently showed increased oxidative stress 
responses and DNA damage repair following tyramine 
treatment, together with down-regulation of the NAD 
signaling pathway (Fig.  3f ). Moreover, processes related 
to colorectal cancer metastasis signaling and tumor 
microenvironment were enhanced. Ferroptotic cell death, 

Fig. 2  (See legend on previous page.)
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which is iron-dependent and results from the accumu-
lation of lipid reactive oxygen species (ROS) [56], was 
higher in the tyramine group. In further support of the 
role of tyramine in oxidative damage, Gene Set Enrich-
ment Analysis (GSEA) showed an overrepresentation of 
gene sets in reactive oxygen species (Fig. 3g and Fig. S6d). 
Analogous findings of gene pathway analysis were also 
found in the 1.2  mM tyramine group (Fig.  S7). The 
RNA sequencing data analyses collectively indicate that 
tyramine impacted DNA structure and resulted in oxi-
dative stress, which may be responsible for its genotoxic 
and cytotoxic effects.

Tyramine increased CRC risk in WT mice
Following up on our observations of tyramine-induced 
cell proliferation and genotoxicity in  vitro, we inves-
tigated if tyramine increases CRC risk in WT mice, 
which received 200 µL of 3.2  mM tyramine solution or 
water daily for 49  days (Fig.  4a). The dosage was deter-
mined based on dietary intake of foods that contain high 
amounts of tyramine in humans [57–59] and adjusted to 
the average weight of mice. A striking finding was that 
42% of tyramine-treated WT mice developed one intes-
tinal tumor each (Fig.  4b, c). This observation is in line 
with a significantly enhanced number of γH2AX + cells 
in the ileum (P = 0.014) of tyramine-treated WT mice, 
suggesting increased DNA damage compared to controls 
(Fig.  4d). In addition, a higher number of Ki67 + cells 
were observed in the ileum of the tyramine group com-
pared to the control but not reaching statistical sig-
nificance (Fig.  4e). The levels of β-catenin levels were 
comparable between the two groups (Fig.  4f ). Our data 

collectively suggest that tyramine increased cell prolifera-
tion and significantly promoted DNA damage and intes-
tinal tumorigenesis in WT mice.

Tyramine impacted the cell cycle and epithelial barrier 
function pathways in the ileum and colon of WT mice
We found a significant upregulation of the cell division 
cycle gene (Cdc34b) expression in the colon of tyramine-
treated WT mice compared to water-treated mice 
(Fig. 5a). Moreover, the expression levels of genes related 
to epithelial barrier function, including defensins and 
C-type lectins (Defb14 and Clec2f) were elevated in the 
colon and ileum, respectively, in the tyramine-treated 
WT mice compared to water-treated WT mice (Fig. 5b). 
Similar to tyramine-treated ApcMin/+ mice, pathways 
related to extracellular matrix components were over-
represented in the colon of the tyramine-treated WT 
mice, whereas cell cycle control from G1 to S phase was 
diminished, suggesting reduced control in cell prolifera-
tion (Fig. 5c). Protein translation and synthesis pathways 
(i.e., reactome eukaryotic translation elongation, Reac-
tome SRP dependent cotranslational protein targeting 
to membrane, KEGG ribosome, Reactome regulation 
of expression of Slits and Robos, Reactome rRNA pro-
cessing, Reactome translation) were upregulated in the 
tyramine-administered group in the ileum, suggesting 
increased cell division (Fig.  5d). These observations are 
consistent with higher levels of Ki67 + cells in tyramine-
treated WT mice and tyramine-treated HCT 116 cells 
in contrast to their untreated controls. Collectively, our 
data suggest that tyramine reduced the control of cell 

Fig. 3  Tyramine alters gene expression profiles and pathways involved in chromatin conformation, oxidative reductive reactions, and colorectal 
cancer signaling. RNAseq analysis using DESeq2 on cells treated with 1.2 mM or 1.6 mM tyramine for 24 h or left untreated (n = 6 per group). a 
Principal components analysis (PCA) plot showing the clustering of variance stabilizing transformation (VST) RNAseq data. b Volcano plot of genes 
enriched or reduced in 1.6 mM tyramine treatment versus control. The dotted vertical lines enclose the minimum fold change for the most 
significant genes. A cut-off of > 2 absolute value was used for fold change and < 0.05 for FDR-corrected p-value to assign a gene as differentially 
expressed. The 10 most differentially expressed genes are shown in the plot. c Heatmap of the top 20 genes using z-scores of genes that are 
differentially expressed between 1.6 mM or 1.2 mM tyramine treatment group versus control. Each column in the heatmap is an individual sample. 
d Plot of top 10 over-represented GO terms to visualize the biological processes and e molecular functions altered in 1.6 mM tyramine-treated 
cells compared to controls. Hits reflect the proportion of differentially expressed genes in a given pathway. The number of altered genes 
is indicated by the size of the circle area, and the circle color represents the ranges of the corrected P value. FDR correction < 0.05 has been 
applied to the depicted GO terms. f IPA pathways that were significantly upregulated (z-score > 0) or downregulated (z-score < 0) in tyramine 
1.6 mM versus control. Pathways with absolute z-score > 1 are depicted. g Gene set enrichment plot demonstrating the correlation of gene sets 
involved in oxygen species pathway with 1.6 mM tyramine. Gene permutation was used. FDR correction < 0.05 has been applied. NES, normalized 
enrichment score. Abbreviations: ABHD4, abhydrolase domain containing 4, N-acyl phospholipase B; AKR1B10, aldo–keto reductase family 1 
member B10; CYP4F3, cytochrome P450 family 4 subfamily F member 3; CYP4F11, cytochrome P450 family 4 subfamily F member 11; DHRS3, 
dehydrogenase/reductase 3; FTL, ferritin light chain; GCLM, glutamate-cysteine ligase modifier subunit; HKDC1, hexokinase domain containing 1; 
HMOX1, heme oxygenase 1; H1-6, H1.6 linker histone, cluster member; H2AC4, H2A clustered histone 4; H2BC6, H2B clustered histone 6; H2BU1, 
H2B.U histone 1; H3C13, H3 clustered histone 13; LOC729654, inositol polyphosphate multikinase pseudogene; OSGIN1, oxidative stress induced 
growth inhibitor 1; SLC7A11, solute carrier family 7 member 11; SPP1, secreted phosphoprotein 1; TRIM16L, tripartite motif containing 16 like; 
WNT16, Wnt family member 16. * denotes oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, 
NAD(P)H as one donor, and incorporation of one atom of oxygen

(See figure on next page.)
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proliferation and cell cycle, contributing to tumor initia-
tion in WT mice.

Tyramine facilitated tumorigenesis and increased cell 
proliferation in ApcMin/+ mice
We next investigated if tyramine facilitates tumorigen-
esis using the ApcMin/+ mouse model. ApcMin/+ mice 
were administered 200  µL of 3.2  mM tyramine solu-
tion or water for a period of 49  days (Fig.  6a). Macro-
scopic evaluation showed that ApcMin/+ mice receiving 
tyramine tended to develop a higher number of tumors, 
especially in the colon (Fig. 6b). The number of mice and 

the percentages of mice with tumors were consistently 
higher in the tyramine-treated ApcMin/+ group compared 
with the water-treated ApcMin/+ group across the GI tract 
(Fig.  6c and Fig.  S8a). Despite that the total number of 
tumors did not reach statistically significant differences 
between tyramine-treated and water-treated ApcMin/+ 
mice (Fig. 6d, Fig. S8b–d), tyramine showed an effect on 
the tumor size. The diameters of intestinal adenomas in 
mice were measured and allocated to one of three cat-
egories: diameter < 1  mm, 1–3  mm, and > 3  mm. The 
number of colonic tumors with a diameter of 1–3  mm 
was significantly higher in tyramine-treated ApcMin/+ 

Fig. 3  (See legend on previous page.)
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Fig. 4  Tyramine increases the number of cells in the intestine of WT mice exhibiting signs of DNA damage. WT littermate controls received 
daily doses of 200 µl of 3.2 mM tyramine (n = 12) or water (n = 10) via oral gavage for a period of 49 days. Treatment started at 6 weeks of age 
and concluded at 13 weeks of age. a Schematic of the study design. b Contingency table showing the number of animals with tumors. The 
percentages of animals having tumors per group are also depicted. c Total tumor numbers of the small and large intestines were counted 
in tyramine-treated and untreated WT mice. d Number of γH2AX positive cells per field of view and representative immunohistochemistry images 
in the ileum. Three separate fields of view were taken for each tissue sample. e Number of Ki67 + cells per crypt in the ileum and representative 
immunohistochemistry images. A total of 60 crypts per slide was counted. Three slides were acquired for each tissue sample. f Quantification 
of β-catenin positive area in the ileum and representative immunohistochemistry images. Light blue, water-treated WT mice; purple, 
tyramine-treated WT mice. Scale bar 100 µm. Data are shown as means ± SEM. Fisher’s exact test in b and Mann–Whitney test in c–f. *P < 0.05
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mice compared with untreated ApcMin/+ mice (Fig.  8e, 
P = 0.038; Fig.  S8e). Furthermore, appearance scoring 
demonstrated that tyramine administration tended to 
exacerbate the pathology in ApcMin/+ mice (Fig. S8f ). The 
total number of tumors displayed a positive correlation 
with spleen weight (r = 0.79, P = 2.7 × 10−11; Fig. S8g).

In addition to increases in colonic tumor size, tyramine 
treatment resulted in a statistically higher number 
of Ki67 + cells in ApcMin/+ mice (Fig.  6f, P = 0.028). In 

contrast, β-catenin levels were similar (Fig.  6g). These 
observations indicate that tyramine increases cell pro-
liferation without affecting the Wnt/β-catenin signaling 
pathway. Furthermore, a higher number of γH2AX + cells 
was noted in tyramine-treated ApcMin/+ compared to the 
untreated group but did not reach statistical significance 
(Fig.  6h). These data collectively showed that tyramine 
facilitated intestinal tumorigenesis in ApcMin/+ mice.

Fig. 5  Tyramine alters the expression profiles of genes involved in epithelial barrier function in WT mice. RNAseq analysis using DESeq2 on colon 
and ileum tissue of WT mice treated with tyramine 3.2 mM or water for 7 weeks (n = 5 for colon tyramine-treated WT mice, n = 4 for colon 
water-treated WT mice, and n = 9 for ileum tyramine-treated WT mice, n = 8 for ileum water-treated WT mice). Volcano plot of genes enriched 
or reduced in tyramine treatment versus control in a colon and b ileum. The dotted vertical lines enclose the minimum fold change for the most 
significant genes. A cut-off of > 2 absolute value was used for fold change and < 0.05 for FDR-corrected p-value to assign a gene as differentially 
expressed. Differentially expressed genes are shown on the plots. Abbreviations of some interesting genes: Cdc34b, cell division cycle 34B; Defb14, 
defensin beta 14; Clec2f, C-type lectin domain family 2, member f. c GSEA of the top 6 most significant downregulated and upregulated pathways 
in colon and d ileum. FDR correction was applied. NES, normalized enrichment score
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Fig. 6  Tyramine promotes CRC development in ApcMin/+ mice increasing colonic tumor size and enhancing epithelial cell proliferation. ApcMin/+ 
mice received daily doses of 200 µl of 3.2 mM tyramine (n = 13) or water (n = 12) via oral gavage for a period of 49 days. Treatment started at 6 weeks 
of age and concluded at 13 weeks of age. a Schematic of the study design. b Representative macroscopic images of ileum and colon in ApcMin/+ 
mice administered water or tyramine. Scale bars, 1 cm. c The number of animals with or without tumors. The percentages of animals having tumors 
per group are also depicted. d Tumor load in ileum and colon at study endpoint. e Tumor numbers based on tumor size in the ileum and colon. 
Tumors smaller than 1 mm, between 1 and 3 mm, and greater than 3 mm were counted separately. f Number of Ki67 + cells per crypt in the ileum 
and representative immunohistochemistry images. A total of 60 crypts per slide was counted. 3 slides were acquired for each tissue sample. Scale 
bar 100 µm. g Quantification of β-catenin positive area and representative immunohistochemistry images. Scale bar 100 µm. h Number of γH2AX 
positive cells per field of view and representative immunohistochemistry images in the ileum. Three separate fields of view were taken for each 
tissue sample. Scale bar 100 µm. Orange, water-treated ApcMin/+ mice; pink, tyramine-treated ApcMin/+ mice. Data are shown as means ± SEM. Fisher’s 
exact test in c. Multiple Mann–Whitney tests followed by FDR approach for multiple comparisons in e, and Mann–Whitney test in d, and f–h. 
*P < 0.05
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Tyramine impacted gene pathways involved 
in inflammation and extracellular matrix 
in the tumor‑surrounding ileum and colon tissue 
of ApcMin/+ mice
Tyramine binds to a family of G-protein-coupled recep-
tors, termed trace amine-associated receptors (TAARs), 
which are expressed in the intestine [23]. Tyramine binds 
to TAAR1 expressed in various immune cell subsets 
including macrophages, natural killer (NK) cells, neu-
trophils, T and B cells, and mediates changes in cytokine 
secretion and chemotaxis [60]. Specifically, tyramine 
binding to TAAR1 in macrophages increased inflamma-
tory gene expression [61]. To gain further insight into the 
function of tyramine in tumorigenesis in  vivo, we per-
formed transcriptomic analysis of tumor-surrounding 
colon and ileum tissues of ApcMin/+ mice. Tyramine treat-
ment upregulated colonic tissue expression of IL-17A 
gene compared to untreated ApcMin/+ mice (Fig. 7a). IL-
17A is a pro-inflammatory cytokine that drives intestinal 
tumorigenesis [62, 63] and it is required for tumor for-
mation in ApcMin/+ mice [64]. In addition, we observed 
higher expression levels of neutrophilic granule pro-
tein (Ngp) gene in the ileum tissue of tyramine-treated 
ApcMin/+ mice in contrast to untreated ApcMin/+ mice 
(Fig. 7b). This observation is consistent with the immu-
nohistochemistry analysis of the ileum tissue, which 
showed a higher number of Ly6G + cells (neutrophils) in 
ApcMin/+ mice following tyramine treatment compared to 
untreated ApcMin/+ mice (Fig. S9a).

GSEA pathway analysis showed enrichment of genes 
involved in extracellular matrix organization and 
decreases in mitochondrial activities in the colon tissue 
following tyramine treatment (Fig. 7c). In contrast, extra-
cellular matrix organization pathway was downregulated 
in the ileum, together with collagen biosynthesis path-
ways in the tyramine-treated ApcMin/+ mice compared to 
untreated ones (Fig. 7d), which may indicate changes in 
gut epithelial barrier. Although both the ileum and colon 
tissue of ApcMin/+ mice showed upregulated expres-
sion levels of genes involved in inflammatory responses 
to tyramine, these different genes involved in two tissue 
types could be attributed to their physiological differ-
ences and possibly differential binding of tyramine to its 
relevant receptors across the intestine [23].

Tyramine promoted a tumorigenic immune response 
in the tumor microenvironment
We next sought to characterize the immune cell subsets 
in the tumors from tyramine or water-treated ApcMin/+ 
mice using flow cytometry (Fig.  S10a–b). Owing to the 
large variation in tumor numbers and size from the Apc-
Min/+ mice, we were able to collect enough colonic tumors 
from 3 control and 4 tyramine-treated ApcMin/+ mice for 

this analysis. We observed similar frequencies on lym-
phoid, innate lymphoid, and myeloid cells in colonic 
tumor-infiltrating lymphocytes (TIL) (Fig. S9b, Fig. S11, 
and Fig. S12). In contrast, the frequency of NK cells was 
lower in ApcMin/+ mice treated with tyramine compared 
to those treated with water (Fig. S9b), which was accom-
panied by a reduction in the mean fluorescence inten-
sity (MFI) of NKG2D in NK cells (Fig. S9c). NK cells, in 
particular NKG2D-expressing NK cells, are important 
players in the anti-tumor response due to their ability 
to recognize and eliminate tumor cells without the need 
for antigen-specific receptors [65, 66]. Our observation 
of a reduction in NKG2D-expressing NK cells suggested 
that tyramine may compromise an effective anti-tumor 
response at the early stage of tumorigenesis. On the other 
hand, polymorphonuclear-myeloid-derived suppres-
sor cells (PMN-MDSCs) displayed an increased trend in 
their proportion in the tyramine-treated group (Fig. S9b). 
PMN-MDSCs have several functions but are generally 
thought to suppress the anti-tumor response, thereby 
promoting tumor growth [67, 68]. Furthermore, MFI of 
the inhibitory marker PD-1 showed a higher frequency 
in CD8 + T cells but did not reach statistical significance 
(Fig.  S9d), suggesting previous activation and potential 
exhaustion of cytotoxic CD8 + T cells. Tumor-specific 
CD8 + T cells become exhausted due to persistent stim-
ulation impairing their effector function against tumor 
progression [69]. In the tumors, gene pathways including 
extracellular matrix glycoproteins and basement mem-
branes (BM) were down-regulated by tyramine treat-
ment, which may indicate an epithelial-mesenchymal 
transition (EMT) in the tumors and invasion to the sur-
rounding stroma through BM [70] (Fig.  S9e). Our find-
ings suggest that tyramine suppresses an anti-tumor 
immune response to favor tumor progression in the 
colonic tumor microenvironment.

Discussion
We reported genus-specific metabolic patterns in tyros-
ine metabolism of Enterobacteriaceae and Enterococ-
caceae isolates from the feces of patients following RYGB 
surgery. Consistent with previously reported tyramine 
production from E. faecalis [71], the isolated Enterococ-
cus species were strong tyramine producers. The tdc 
clusters in E. faecalis encode the tyrosine decarboxylase, 
which catalyzes the conversion of tyrosine to tyramine 
[71]. While Klebsiella and Enterobacter isolates were 
strong 4-hydroxyphenylacetate producers, two Klebsiella 
isolates were also able to produce tyramine under a glu-
cose-limited anaerobic condition. A K. pneumonia strain 
(NCIMB, 2122) was reported as a medium tyramine 
former [72], which is in agreement with our observa-
tion. 4-Hydroxyphenylacetate is a precursor of p-cresol 
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and this conversion is catalyzed by 4-hydroxypheny-
lacetate decarboxylase (Hpd) [73]. Coriobacteriaceae, 
Clostridium cluster XI, and XIVa have been shown to 
produce p-cresol [73], but to our best knowledge, no 
strains from Enterobacteriaceae family are p-cresol-
producers. Bacteria, which harbor Hpd but not tyrosine 
lyase (ThiH), metabolizing tyrosine to p-cresol in one 
step, utilize 4-hydroxyphenylacetate as a substrate to pro-
duce p-cresol [73]. Our findings showed that Escherichia 

isolates were the main producers of 4-hydroxypenylpyru-
vate and 4-hydroxypenyllactate. The metabolic conver-
sions from tyrosine to 4-hydroxypenylpyruvate and from 
4-hydroxypenylpyruvate to 4-hydroxypenyllactate are 
catalyzed by tyrosine aminotransferase and hydroxyphe-
nylpyruvate reductase, respectively. Our observations 
are consistent with previously reported E. coli produc-
ing 4-hydroxypenylpyruvate and 4-hydroxypenyllactate 
from tyrosine [73, 74]. Phenol production was found in 

Fig. 7  Tyramine promotes an inflammatory environment in surrounding healthy gut tissue instigating tumor initiation in ApcMin/+ mice. RNAseq 
analysis using DESeq2 on colon and ileum tissue of ApcMin/+ mice treated with tyramine 3.2 mM or water (n = 6 for colon tyramine-treated ApcMin/+ 
mice, n = 5 for colon water-treated ApcMin/+ mice, and n = 10 per each group for ileum). Volcano plot of genes enriched or reduced in tyramine 
treatment versus control in a colon and b ileum. The dotted vertical lines enclose the minimum fold change for the most significant genes. A cut-off 
of > 2 absolute value was used for fold change and < 0.05 for FDR-corrected p-value to assign a gene as differentially expressed. Differentially 
expressed genes are shown in the plot. Abbreviations of some interesting genes: IL17a, interleukin-17A; Ngp, neutrophilic granule protein. c GSEA 
of the top 6 most significant downregulated and upregulated pathways in the colon and d ileum. FDR correction was applied. NES, normalized 
enrichment score
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two strains of Citrobacter in our study. It was previously 
reported that C. koseri and C. freundi exhibited phenol-
producing activities [73, 75] via an anaerobic catabolic 
pathway. An aerobic pathway generating phenol along 
with pyruvate has been reported in Enterobacteriaceae 
family [76].

These bacterial metabolites from tyrosine are pro-
foundly linked to the reported metabolic changes in fecal 
water and urine from patients following RYGB surgery. 
For example, urinary concentrations of 4-hydroxyphe-
nylacetate increased post-surgery, together with 4-cresyl 
sulfate and 4-cresyl glucuronide, which are host conjuga-
tion derivatives from p-cresol [8, 13]. While p-cresol was 
not produced in the isolates tested in the current study, 
these isolates provided the precursor, 4-hydroxypheny-
lacetate, which could be used in cross-feeding processes 
within the post-RYGB gut microbial community, allow-
ing the production of p-cresol. Higher fecal concentra-
tions of tyramine post-RYGB surgery have also been 
reported, and RYGB-associated fecal microbiota has 
been shown to produce tyramine from tyrosine com-
pared to the fecal microbiota of lean donors [8]. In the 
current study, we further identified the contributors to 
tyramine production within the RYGB-associated micro-
biota. Following RYGB, the gut luminal bioavailability 
of tyrosine for bacterial metabolism may increase, as 
the surgery reduces pancreatic enzyme production and 
the absorption of protein-associated amino acids in the 
small intestine [77]. While dietary tyramine is likely to be 
primarily absorbed in the small intestine of healthy indi-
viduals [78], tyramine absorption post-RYGB remains 
unclear. Therefore, high fecal tyramine concentrations 
post-RYGB could be attributed to diet, altered gastroin-
testinal anatomy, and increased gut bacterial abundances 
of tyramine-producers.

Since the fecal microbiota associated with RYGB do not 
colonize the anatomically normal gut [47], we directly 
examined the impact of its metabolic product, tyramine. 
Tyramine showed profound cytotoxic and genotoxic 
effects, and induced cell cycle arrest and necrosis in HCT 
116 cells. Our observation of tyramine-induced cytotox-
icity is consistent with previous studies, where tyramine 
was tested at higher concentrations (e.g., 14.58  mM) 
using a different colonic cell line, namely, HT29 [79, 80]. 
In our study, tyramine started to induce significant cyto-
toxic effects at 0.8  mM. These differences in cytotoxic 
doses could be related to different cell lines used in these 
experiments. Moreover, we identified necrosis as the 
main form of cell death 24-h post-tyramine treatment, 
which is in agreement with a previous study on the HT29 
cell line [80]. In contrast, apoptosis-involved genes, such 
as Caspase 7 (CASP7) and BCL2 binding component 3 
(BBC3) were upregulated in a short tyramine treatment 

(6 h) at a high dose (14.58 mM) in HT29 cells [27]. These 
data may suggest apoptosis is an acute cell response to 
tyramine and it shifts to necrosis as time and concentra-
tions increase, as supported by our data in which apop-
tosis alone was significantly reduced at higher treatment 
concentrations.

Genomic instability and high proliferation of cells are 
known risk factors for cancer [48]. Our data showed that 
tyramine increased the frequency of γH2AX + cells in 
tyramine-treated HCT 116 cells and promoted the fre-
quency of MN formation. A previous study in HT29 cells 
reported altered expression levels of genes involved in 
DNA damage and repair pathways after tyramine treat-
ment, such as ERCC3, GADD45G, POLB, and PPP1R15A 
[27]. Furthermore, we found that tyramine downregu-
lated the expression of histones, whereas genes involved 
in oxidation/reduction reactions and oxidative stress 
response (e.g., AKR1B10, CYP4F3, CYP4F11, OSGIN1) 
were upregulated. Pathways involved in chromatin organ-
ization and assembly were reduced, suggesting genomic 
instability in response to tyramine treatment. This find-
ing was further supported by our observation that the 
frequency of γH2AX + cells was significantly higher in 
the gut tissue of tyramine-treated WT mice compared 
to water-treated WT mice. This evidence indicates that 
tyramine can induce DNA damage in healthy mice, sug-
gesting its role in increasing CRC risk via its genotoxic 
effect. Furthermore, we observed that tyramine treat-
ment resulted in cell cycle arrest at G2 when DNA dam-
age occurred. It is likely that cells undergo an arrest of 
the cell cycle allowing for DNA repair to occur [81]. We 
also found an increase in the percentage of Ki67 + cells 
and impaired mitochondria-related functions follow-
ing tyramine treatment both in vitro and in vivo. These 
observations are consistent with previously reported data 
demonstrating that biological pathways associated with 
DNA damage repair and proliferation were enhanced 
at the early stages of CRC, whereas processes related 
to mitochondrial function were reduced [82]. With the 
phenotypical observation of the development of ade-
noma formation in WT mice receiving tyramine, these 
data, as a whole, prompt us to conclude that tyramine 
increases CRC risk by increasing DNA damage and cell 
proliferation.

Inflammation and impaired gut epithelial barrier func-
tion are also risk factors for CRC [83]. We found that 
tyramine treatment increased the gene expression levels 
of IL-17A in the colon and Ngp in the ileum in contrast 
to water-treated ApcMin/+ mice. The Ngp protein belongs 
to the cystatin family with a critical role in the regulation 
of inflammatory response [84]. Ly6G + cells identified as 
neutrophils were also in greater abundance in the ileum 
of tyramine-treated ApcMin/+ mice. These data suggest 
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that tyramine promotes an inflammatory environment 
in the gut mucosa. Innate immune pathways driving 
inflammation are increased during CRC onset in the epi-
thelium [82]. Loss of Apc induces disruption of the epi-
thelial barrier activating tumor-associated myeloid cells 
by components of the gut microbiota, which regulate 
IL-17 production [85]. Furthermore, we observed higher 
expression levels of several genes involved in epithelial 
barrier function, such as defensins and C-type lectins 
(Defb14 and Clec2f) in the intestinal tissues of tyramine-
treated WT mice compared to water-treated WT mice. 
These data collectively suggest that tyramine contributes 
to epithelial barrier impairment and drives an inflamma-
tory response.

Another observation was that tyramine increased 
colonic tumor size and exacerbated the appearance of 
ApcMin/+ mice compared to water-treated mice. RNAseq 
analysis revealed that tyramine impacted cell division and 
disrupted the extracellular matrix organization in Apc-
Min/+ and wild-type mice. Extracellular matrix composi-
tion and structure are deregulated in CRC to promote 
tumor growth [86]. Changes in the extracellular matrix 
promoted the proliferation of cancer cells [86]. Enrich-
ment in extracellular matrix organization pathways has 
also been previously reported in a colitis-associated CRC 
model indicating their importance in tumor initiation 
[87]. Furthermore, we observed that in the tumor micro-
environment NK cells were found to be lower and PMN-
MDSCs displayed an increasing trend. Previous studies 
have shown that NK cells were rarely detected in colonic 
tumors from ApcMin/+ mice [88], whereas PMN-MDSCs 
accumulation inhibited anti-tumor T-cell responses [89]. 
These immune responses are consistent with a previ-
ously reported transcriptomic analysis of CRC patients, 
showing that anti-tumor immune responses including 
activation of NK cells and leukocyte mediated cytotox-
icity were downregulated in the initial stages of normal 
to adenoma transition [90]. These observations suggest 
that tyramine has a potential to deregulate the extracellu-
lar matrix and suppress an effective anti-tumor immune 
response, favoring tumor progression.

In summary, the study findings support our hypothe-
sis that tyramine derived from the diet and/or bacterial 
metabolism of tyrosine facilitates tumorigenesis and 
CRC development, particularly under circumstances 
where there is a genetic predisposition as is the case 
with a mutated APC gene. It is interesting to specu-
late whether a similar situation exists with other CRC 
genetic predispositions such as mutant RAS or p53, 
which warrant further investigation. Furthermore, it is 
important to note that the gut microbiome of patients 
with RYGB or IBD exhibits similar characteristics, 

including high fecal abundances of Enterobacteriaceae 
and Enterococcaceae and fecal concentrations of 
tyramine. Our investigation into the tyramine produc-
tion of these bacterial isolates and the role of tyramine 
in increasing CRC risk could provide valuable insights 
for IBD research. These findings could also be valuable 
in the development of nutritional prevention strategies 
to reduce the risk of CRC.
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